[1] Extensive weathering suffered by sandstone in natural outcrops as well as in historical buildings could be attributed among other mechanisms to the action of wetting and drying cycles. We have recently shown how to quantify the stresses generated during such cycles to determine whether damage can take place. This procedure is further developed in this paper and applied to the Tarifa sandstone, a sandstone with a 7 wt % content of clay minerals and used in the main façade of the church of San Mateo in Tarifa (Cádiz, Spain) for which the relevant material properties are measured. It is shown that tensile stresses during drying can cause cracking of thin elements and that shear forces can cause buckling of wetted surfaces more generally, eventually resulting in scaling and/or contour scaling. These predictions are supported by visual observations on the monument showing degradation patterns characteristic of those types of damage. Similar weathering forms have been observed in natural sandstone landscapes. Application of swelling inhibitors (e.g., cationic surfactants) that selectively adsorb on the clay basal planes, results in a substantial swelling reduction. This confirms that the swelling clays typically present in sandstone are pivotal for its weathering and indicates that swelling inhibitors are a potentially valuable treatment to prevent or minimize damage to stone. The circumstances that would lead to weathering are discussed in relation to sandstone material properties in the wet and dry state. Clay-bearing stones are shown to exhibit softening during wetting, as well as viscoelastic stress relaxation, which is expected to limit the extent of damage. These results may aid in the better understanding of sandstone weathering both in nature and in urban environment and may help develop conservation methods to mitigate wetting/drying damage in ornamental sandstone or to prevent pore plugging in reservoir sandstones.
Introduction
[2] Sandstones represent a significant volume of Earth's surface rocks. Meybeck [1987] estimates that they cover ca. 15% of the emerged land surface, a value nearly similar to that of granite or limestones. Sandstones are also one of the most common ornamental stones used in the built and sculptural heritage [Winkler, 1997] . Weathering of sandstone is a critical geomorphological phenomenon that has shaped and currently shapes the landscape and surface features of, for instance, the Grand Canyon, Zion Canyon, Monument Valley, and Arches National Park in the United States [Bradley, 1963; Robinson, 1970; Cruikshank and Aydin, 1994] , the carved city of Petra in Jordan [Paradise, 2002; Heinrichs, 2005] , or a number of cathedrals across Europe [Vicente, 1983] . Sandstone weathering also results in the development of striking weathering forms such as pedestal rocks [von Engeln, 1942] , honeycombs [Mustoe, 1982] , tafoni or caverns [Young, 1987; Sancho and Benito, 1990] , scaling and contour scaling [Snethlage and Wendler, 1997] , and polygonal cracking [Williams and Robinson, 1989] , whose origins are still a matter of debate [Turkington and Paradise, 2005] . However, while study of rock weathering and stone decay has mainly focused on granite or limestone decay, sandstone still remains a relatively overlooked landscape element and building stone [Turkington and Paradise, 2005] .
[3] In recent years, geomorphological methods and studies on natural rock weathering have gained a prominent status in the conservation of stone cultural heritage [Pope et al., 2002] . Conversely, research into rock weathering has been significantly advanced through the study of urban stone decay [McGreevy and Whalley, 1984] . There are several reasons for the study of stone decay as a useful analogy for rock weathering in natural settings. Among them, one is the availability of easily characterized stone in a dated monu-ment, which enables an accurate study of weathering processes and rates [Dragovich, 1978; Meierding, 1981; Pope et al., 2002; Hoke and Turcotte, 2002] . Another reason is the relative ease of performing laboratory and field tests using stone samples under well-established conditions that help single out a particular weathering mechanism [Rodríguez- Navarro and Doehne, 1999] . In the case of sandstone, case studies, laboratory tests, and field exposure trials have focused on the study of salt weathering [Goudie and Viles, 1997] , frost shattering [McGreevy, 1981] , black crust (gypsum) formation [Smith et al., 1994] , chemical weathering (including case hardening) [Young, 1987] , thermal weathering [Warke and Smith, 1998 ] and biodeterioration [Mottershead et al., 2003] . However, other weathering mechanisms such as expansion/ contraction associated with wetting/drying phenomena [Trenhaile, 1987; Yatsu, 1988] have comparatively received less attention Delgado Rodrigues, 2001] .
[4] Sandstones typically contain clays in the cement that binds the grains together [Tallman, 1949; Houseknecht and Pittman, 1992] . This type of cementing phase makes them highly susceptible to deterioration, especially under conditions of cyclic wetting and drying that cause swelling and shrinkage of clay minerals. The literature on stone conservation provides numerous studies that point to this as a durability problem for sedimentary stones [Beloyiannis et al., 1988; Caner and Seeley, 1978; Delgado Rodrigues, 2001; Iñigo et al., 2003; Kühnel et al., 1994; Rodríguez-Navarro et al., 1997 Pye and Mottershead, 1995; Wüst and McLane, 2000; Veniale et al., 2001; Vicente, 1983] . Studies on the durability of sandstones used for road pavement and other engineering purposes also suggest that clays may have a detrimental impact on their service life [Dunn and Hudec, 1966; Fookes and Poole, 1981] . Polygonal cracking [Williams and Robinson, 1989] , tafoni [Martini, 1978] , honeycombs [Gill et al., 1980] , and spalling/ multiple scaling, as well as contour scaling [Robinson and Williams, 1994; Heinrichs, 2005] observed on sandstone outcrops in nature have also been related to the presence of clay minerals. However, the actual role of clays and wetting/ drying events on the development of such weathering forms is a matter of controversy [McGreevy and Smith, 1984; Turkington and Paradise, 2005] . The lack of a physicalmechanical theory backed by experimental data, demonstrating the actual role of the swelling/shrinking of clay minerals in weathering of sandstone, may have fostered this controversy.
[5] Clay-containing sandstones used for building purposes can develop significant swelling strain. For instance, Spanish Cervelló and Villamayor sandstones that show severe damage in some historic buildings are reported to swell respectively by 5000 and 6700 mm/m [Esbert et al., 1997] in the direction perpendicular to their bedding planes. In general, swelling strain values above 1500 mm/m can be considered quite large, since the product of this strain with the elastic modulus typically exceeds the tensile strength of the stone. However, as will be explained in this paper, swelling strain alone is not sufficient to determine whether swelling may cause damage. Factors that have to be considered include elastic modulus, viscoeastic relaxation rate, tensile, shear or compressive strength of the sandstone, and relative humidity. This approach could be successfully used to identify situations where a sandstone with rather limited dilatation would get damaged. For instance, severe damage occurs in Petra sandstone, which shows a maximum swelling strain of 700 mm/m [Heinrichs, 2005] , and in Portland Brownstone, with 500 mm/m of swelling strain (this study). As detailed in section 4.3, the stresses in the latter case can be shown to exceed the strength of the stone. The role of clay distribution in the stone has also been pointed out to be important [Dunn and Hudec, 1966] since inhomogeneity could give much higher local strains and stresses.
[6] Although the problem has been often mentioned, quantification of the stresses arising from such wetting/ drying cycles has only been discussed recently [Jiménez-González and Scherer, 2004; Wangler et al., 2006] . Experimental evidence of the damaging character of these cycles was reported by Rodríguez-Navarro et al. [1997] and Wendler et al. [1996] . In the first case, the authors studied a clay-rich Egyptian limestone that basically decomposed when submerged in water. The study by Rodríguez-Navarro et al. [1998] is particularly important for museums in countries with climates more humid than Egypt. However, the properties of this stone remain very different from situations that can be encountered with building stones still in service in outdoor environments exposed to rain, or in natural outcrops. The case examined by Wendler et al. [1996] is closer to such situations. The authors examined the aging of stones from Easter Island by measuring the drill resistance of quarry samples subjected to wetting and drying cycles. They observed that these cycles very much reduced drill resistance in the outer layer of the samples. They also found that treating with diaminobutane dihydrochloride as a swelling inhibitor Snethlage and Wendler, 1991] dramatically reduced the loss of drill resistance. This study highlights the fact that wetting and drying cycles can damage clay-bearing stones, but that swelling inhibitors can be used to mitigate this. Regarding the use of conventional conservation treatments, it has been reported that clay-bearing stones consolidated by ethyl silicates rapidly lose the consolidation effect after a limited number of cycles of wetting and drying, apparently as a result of hydric strain [Félix and Furlan, 1994; Félix, 1988 Félix, , 1995 .
[7] Over the past few years, we have examined the weathering of clay-bearing stones with the objective of analyzing the stresses generated during wetting and drying cycles in order to determine their potential for damaging action [Jiménez-González and Scherer, 2004; Scherer and Jiménez-González, 2005] . In this process we have introduced novel characterization techniques and improved others. These include warping of thin stone plates and accelerated swelling pressure measurements [Jiménez-González et al., 2002; Scherer and Jiménez-González, 2005; Jiménez-González and Scherer, 2006] . We also applied the technique of beam bending under dry and saturated conditions to determine the viscoelastic character of these stones [Jiménez-González and Scherer, 2004] .
[8] In this paper we apply all these methodologies to study a sandstone from the South of Spain that shows substantial damage on the façade of San Mateo Church in Tarifa (Cádiz, Spain) . This type of stone is also to be found on the nearby Roman ruins of ''Baelo Claudia,'' where it displays similar damage patterns [Hoyos et al., 1999] .
[9] Concerning the Church of San Mateo, Sebastián et al. [2008] describe the damage patterns as granular disintegration, flaking, scaling and ''contour scaling,'' as well as cracking of ornamental elements. They attribute this damage to the swelling and shrinking of clays and weaknesses of the stone resulting from its high anisotropy. Furthermore, they indicate that sodium chloride aerosols increase the hygroscopicity of the stone and favor the osmotic swelling of the clays.
[10] In the present study, our experiments demonstrate that we are using a valid theoretical analysis of how stresses develop in clay-bearing stones during cycles of wetting and drying. On the basis of these results, we determine under what conditions damage is likely to occur during such cycles on a monument or on a natural outcrop. We also examine the use of swelling reducing agents as a way to mitigate sandstone damage. Ultimately, we will show that the theoretical analysis and the study of the damage associated with wetting/drying of clay-bearing Tarifa sandstone could be extended to understanding sandstone weathering on Earth's surface as well as elsewhere (e.g., Mars).
Materials and Methods

Materials
[11] The stone object of this study is one of the most representative materials used in the main (south) façade of the San Mateo Church, in the town of Tarifa (Cádiz, Spain).
It is an arkose sandstone whose matrix or cementing phase is composed prevalently of clays and a small proportion of carbonates. Generally, two varieties have been distinguished by Sebastián et al. [2008] : the light brown and the gray variety, the first one being the closest to the one used in this study.
[12] Samples were obtained from blocks extracted from the original quarries (currently closed) located near Tarifa. A description of these quarries is given by Sebastián et al. [2008] . Before all tests, the samples were oven dried (60°C) to constant weight and then stored in hermetic containers for cooling. For tests under saturated conditions, vacuum impregnation by water was additionally performed.
[13] Samples were studied by means of scanning electron microscopy (SEM; Zeiss DMS 950) and polarized light microscopy (PM; Jenapol V). Powder X-ray diffraction (XRD) analyses were performed on a Philips PW 1710 diffractometer equipped with a graphite monochromator and using Cu Ka radiation (l = 1.5418 Å ). XRD analyses were performed on ground whole rock and oriented aggregates (untreated, ethylene glycol solvated and heated for 1 h at 550°C) of the clay fraction (size < 2 mm).
[14] This sandstone is composed mainly of quartz. Other minerals found in lesser amounts are feldspars, calcite and phyllosilicates, including muscovite, biotite and chlorite. Figure 1a shows XRD patterns of the clay fraction. Smectitechlorite mixed layers (corrensite) and minor amounts of illite are the main clay minerals present, which shows average values of 7 wt %. The corrensite mixed layer clay was identified by the increase in the d 001 spacing from 28.3 Å up to 31.5 Å after glycolation and the collapse of the d 002 spacing from 14.2 Å to a broad peak at 13 Å upon heating [Wilson, 1987] .
[15] Clays can experience two types of swelling: intracrystalline swelling and interparticle or osmotic swelling [Rodríguez-Navarro et al., 1998, and references therein] . The former is experienced by the so-called expandable or swelling clays, such as smectite or mixed layer smectitechlorite and smectite-illite, which are very common in sandstones [Houseknecht and Pittman, 1992] . Intracrystalline swelling results in an increase of the d 001 spacing when the clays are in contact with a polar liquid (e.g., water or ethylene glycol). Osmotic swelling is experienced by all clay minerals (expandable and nonexpandable clays) in the presence of an electrolyte [Madsen and Müller-Vonmoos, 1989 ]. Higher swelling strains are observed in rocks containing expandable clays than in rocks containing nonexpandable clays [Yatsu, 1988] . Regarding the swelling potential of corrensite, this clay was found responsible for the floor heave of tunnels in the Keuper formation of SW Germany [Yatsu, 1988, and references therein] .
[16] Optical microscopy and SEM observations show that the phyllosilicates display a preferred planar orientation along the stone bedding planes (Figures 1b and 1c) . The latter is responsible for the marked textural and structural anisotropy of this stone [Sebastián et al., 2008] . The pore system of the sandstone is characterized by submicron pores (pore radii 0.5-0.02 mm) having an average total porosity of around 8-11% [Sebastián et al., 2008] .
[17] To demonstrate unambiguously that swelling strain in clay-containing sandstone is due to clay swelling, and at the same time, to reduce or mitigate the swelling experienced by the Tarifa sandstone, we used diaminoethane dihydrochloride (C 2 H 8 N 2 Á2HCl). The use of such cationic surfactants was first discussed by Snethlage and Wendler [1991] and considered by Wendler et al. [1996] for the conservation of Eastern Island Moai sculptures. This product adsorbs at the negatively charged (001) planes of clays, establishing bonds between two adjacent particles, thus preventing/minimizing swelling . In our study we applied the product by partially immersing the samples in 5 wt % aqueous solution, drying to constant weight (60°C) and repeating the whole operation a second time. The treatment does not have major effects on other materials properties, such as sorptivity, elastic modulus or color.
Methods
[18] The potential for damage from swelling depends on the depth to which water penetrates, the magnitude of the swelling strain, and the stiffness of the wet and dry stone, so we need to characterize all of those properties. The depth of saturation during contact with water (e.g., in a flood or rain event) depends on the sorptivity, which is the rate of uptake per unit area; if water enters the rock by capillary rise, then the distribution of moisture within the body will depend on the competition between the rate of rise and the rate of evaporation. We measure the sorptivity by a direct method described in section 2.2.1 and an indirect method, warping analysis, described in section 2.2.3. Similarly, the strain resulting from the saturation of an initially dry stone is measured directly by a dilatometric method (section 2.2.1) and indirectly by warping (section 2.2.3). If the wet surface of a dry stone expands, it creates compressive stresses; conversely, if the dry surface of a saturated stone contracts, it causes tensile stress. To calculate the stresses, we must know the mechanical properties of the rock, which we investigate by several methods, described in section 2.2.2. A convenient way to determine the elastic modulus is to calculate it from the acoustic velocity in the rock, which is quickly and easily done in the field. Unfortunately, that method gives highly unreliable results for clay-bearing stone, as we demonstrate by comparing the results of acoustic measurements with static moduli obtained by three point bending measurements. Static measurements are more appropriate for predicting swelling stresses in stone, where the duration of the process (viz., wetting and drying) is on the order of hours or days. Moreover, these measurements reveal that the stone is viscoelastic, particularly when wet, and this will have an important impact on the magnitude of the swelling stresses. One might reasonably argue that it is simpler to measure the swelling stress directly, rather than calculating it from the strain and viscoelastic modulus. Such direct methods were performed, as described in section 2.2.4, but the results are disappointing, because it is difficult to confine the sample so as to prevent a strain smaller than 0.1%. This problem is avoided by the warping method, where moisture is introduced through one face of a thin plate of stone: as the wet side expands, it is resisted by the dry side, which results in warping of the plate. An elastic (or viscoelastic) analysis of this simple geometry leads to an explicit prediction of the rate and magnitude of deflection. Fitting the theoretical expression to the data (deflection versus time) yields estimates of the swelling strain, sorptivity, and ratio of elastic moduli in the wet and dry stone. This measurement is fast and requires relatively simple equipment. Finally, to predict damage we must compare the stress to the strength of the rock, so we must measure the tensile strength of the stone when dry (section 2.2.2) and the compressive strength of the stone when wet (value provided by Dr. G. Cultrone (personal communication, 2007) .
Hydric Properties
[19] The rate of water intake is measured by sorptivity tests in which a sample is fixed to the bottom of an electronic balance with a 0.001 g resolution connected to a computer for the data acquisition [Scherer and Jiménez-González, 2005] . A container with deionized water is then raised until the water touches the bottom of the sample. The mass change (Dm) per unit surface of the sample base (A) is plotted versus the square root of time and found to be linear. The height of rise, Dh, is related to the weight gain by Dh = Dm/(Afr L ), where f is the porosity and r L is the liquid density; Dh increases in proportion to p t. From the slope and the apparent porosity determined from the mass change at the plateau, we determined the sorptivity (S) in units of cm/s 1/2 for comparison with the value obtained by applying equation (2) in the analysis of the warping experiments. Measurements were performed with the sample bedding placed normal to the water surface. Additional measurements were done with samples placed with the bedding parallel to the water surface.
[20] The linear expansion or free swelling strain (e s ) of the stone is measured by using a homemade dilatometer [Jiménez-González and Scherer, 2004] . Typical sample sizes were 35 Â 10 Â 10 mm. The expansion was measured in directions both parallel and perpendicular to the bedding, using the following procedure: (1) the sample is placed in a glass container, (2) a pushrod mounted on an LVDT (linear variable differential transformer) is lowered on top of the sample and at that point the data acquisition starts, and (3) deionized water is poured into the container until it reaches near the upper surface of the sample (but without covering it, so that air is not trapped inside). As soon as the sample gets wet, it starts swelling. The dilatation is measured by the LVDT until it is complete. The strain difference between the initial value and the plateau value is used to calculate the linear free swelling strain.
[21] Longitudinal expansion of the long thin plates used for warping measurements was obtained using the same instrument and procedure, but a special sample holder was designed to keep the samples vertical during the measurement without preventing their swelling [Jiménez-González and Scherer, 2006] .
Mechanical Properties
[22] The tensile strength of the stone is obtained from indirect tensile strength tests (Brazilian tests). Cylindrical samples of 2 cm diameter and 5 cm length are placed horizontally between the two platens of an Instron 1 machine that compress the sample until failure [Jiménez-González and Scherer, 2004] .
[23] This property was only measured on dry samples because tensile strength is most important during drying of decorative elements, as explained below.
[24] The dynamic elastic modulus is determined from ultrasound transmission velocity measured using a portable Pundit instrument operating at 54 KHz. Nitrile pads are used instead of vacuum grease as contact agents [Jiménez-González and Scherer, 2004] . Stones were measured both wet and dry. These measurements were performed on the received blocks before they were cut to make the smaller samples used in the other experiments. In each direction, three measurements were done and found to be very similar.
[25] Homemade three point beam benders are used for measuring static elastic modulus of oven dried and vacuum saturated samples. Typical sizes for samples were about 100 Â 20 Â 4 mm (dimensions are measured accurately for each sample). Each instrument is composed of a computer controlled in-line system that is placed inside an incubator [Vichit-Vadakan, 2002 ; Jiménez-Gonzá lez and Scherer, 2004] . The measurements are done by applying a given displacement cyclically and measuring the corresponding load. The samples used for this test were cut such that the bedding was normal to the sample length, so we obtain Young's modulus perpendicular to the bedding.
[26] Stress relaxation tests were performed with the same benders described above. In this case, a constant displacement is applied and the load is measured over time. This measurement gives information on the viscoelastic behavior of the stones [Jiménez-González and Scherer, 2004] .
Warping
[27] A novel technique that we call ''warping'' or ''the 3 in 1 test'' was introduced in former studies as a quick measure of swelling strain, sorptivity and ratio of wet to dry modulus [Scherer and Jiménez-González, 2005 ; Jiménez-González and Scherer, 2006] . Briefly, it consists in measuring the upward deflection (warping) of a thin plate of a swelling stone, placed horizontally on two supports, that swells as a result of adding water on its upper surface. A piece of tape is placed around the perimeter of the plate to contain the water, and an LVDT is placed in contact with the center of the top surface of the plate. Water is quickly poured onto the upper surface and the deflection measured by the LVDT is continuously recorded by a computer. This LVDT is placed midway between the two sample supports to measure the maximum deflection during the warping process. The samples are about 100 Â 20 Â 4 mm (dimensions are measured accurately for each sample).
[28] This experiment can be analyzed following Timoshenko's [1925] approach where the sample is considered as an assemblage of two layers (1) the wet upper layer that tries to reach the maximum swelling (free swelling strain) and (2) the dry lower layer that tries not to expand.
[29] The combination of one layer trying to expand and the other resisting leads to warping with a deflection, D(cm), that depends on the relative depth of water penetration, d, on the free swelling strain, e S , and on the ratio of wet to dry modulus, r,
where w (cm) is the span and d can be written as a function of sorptivity, S (cm/s 1/2
), plate thickness, h (cm), and time,
where h w (cm) is the wet part of the sample thickness.
[30] It is important to note that we do not have an independent measure of d. Its variation with time could therefore be different from what is given in the above equation, in particular for thin samples. Such a situation was found with another stone (the Portland Brownstone) and a model was proposed to analyze this [Jiménez-González and Scherer, 2006] . However, as explained later in the paper, equation (2) can be considered suitable for analyzing Tarifa sandstone samples.
[31] The free swelling is found directly from the maximum deflection, D max and can be calculated by
[32] The effects of sorptivity and the modulus ratio cannot be easily separated one from the other, which is why we choose to fit the curve simultaneously for both these parameters, after having determined the free swelling strain from the maximum deflection. Samples used for warping were cut so that some had the bedding perpendicular and others had it parallel to the surface onto which the water was poured.
Swelling Pressure
[33] Direct measurements of swelling pressure are performed by applying an external load to prevent the sample from swelling [Madsen and Müller-Vonmoos, 1985] . We introduce changes in the sample size and geometry that greatly speed up the test (that now takes a couple hours instead of approximately two weeks). For that, we first used hollow parallelepiped samples with a square external section (as shown in Figure 2b ). Afterward, as for this paper, we turned to hollow cylinders of similar dimensions (4 cm of outer diameter, 2 cm of inner diameter and 5 cm height), which facilitate the analysis of the experiment. The sample is placed between two stainless steel pieces that are drilled so as to let the water invade the sample from the inside (Figure 2a) . The whole set up is placed in a container that has a stainless steel base ( Figure 2c ) and is positioned between two metal platens of the Instron machine described before. Initially both platens exert just enough pressure to keep the sample in place when water is added. The machine is instructed to maintain this initial position throughout the test. After adding water, the stone expands, so the load required to maintain a constant height increases and is stored on the computer. In this case, the bedding planes are horizontal, so that the swelling that is restrained is the one normal to the bedding (the maximum one) and water ingress is controlled by the sorptivity in the direction parallel to the bedding.
Results
Hydric Properties
[34] Our tests show that the capacity of the stone to absorb water by capillarity is relatively moderate with average rates of water ingress of 0.013 cm/s 1/2 , and a sorption plateau at about 12% by volume (measured with the sample bedding normal to the water surface). It has been observed that sorptivity values change with the direction of water ingress (normal or parallel to the bedding planes). For the ''brownish variety'' measured values of rate of water ingress range from 0.008 cm/s 1/2 up to 0.015 cm/s 1/2 in directions perpendicular and parallel to the bedding, respectively.
[35] The free swelling strain in the direction parallel to the bedding averages 1.2 Â 10 À3 (or, 1200 mm/m) ( Figure 3 ). It is substantially higher, about 2900 mm/m, in the direction perpendicular to the stone stratification (Figure 3) . The 90% confidence limits, shown in Figure 3 , are about ±200 mm/m. This value is slightly lower than the 3200 mm/m we previously reported [Jiménez-Gonzá lez and Scherer, 2004] . The difference is, however, much larger with the 4000 mm/m reported by Sebastián et al. [2008] for the brown sandstone variety. This large discrepancy is probably due to natural variations in the structure and composition of the blocks from which the samples were obtained. Indeed, we find that swelling measurements are quite reproducible on a given sample, but that sample-to-sample variations are much larger. These are also larger in the direction parallel to bedding (standard deviation 26% of the average) than in the direction of maximum swelling (standard deviation 10% of the average). This can be seen in Figure 3 , where the 90% confidence intervals on swelling strain averages in both directions are also shown.
[36] The sample-to-sample variations can be problematic for the validation of the warping technique where an independent measurement of swelling strain is needed. For this reason, we directly measured the swelling strain (in the direction normal to the bedding planes) on the thin plates used for warping tests. We find values of around 2600-2800 mm/m, which are slightly lower than the overall average of 2900 mm/m reported above.
[37] On samples of Portland brownstone treated with the selected swelling inhibitor, the swelling strain (measured in the direction normal to the sample bedding) was reduced by 50% [Jiménez-González and Scherer, 2004] . (c) Image of the sample as placed in the Instron machine. These pictures were taken with a sample having a square outer section unlike the one used in this study that has a circular one. 
Mechanical Properties
[38] In the direction perpendicular to the bedding, the average tensile strength is 5.3 MPa. In the parallel direction, an average value of 6.9 MPa was obtained.
[39] We have shown [Jiménez-González and Scherer, 2004] the existing discrepancy between dynamic and static elastic modulus on clay-containing stones. In the case of the Tarifa sandstone, this difference is very big: dynamic moduli are about 2 times greater than the static moduli for the dry stones (average of at least 5 samples, giving a standard deviation of about 15%). In the direction perpendicular to the bedding the dry static modulus is on average about 9.4 GPa while the dynamic modulus is 15.4 GPa. For water saturated samples the difference is much bigger, around 20 times. The average static modulus of the saturated stone is 0.9 GPa (average of two samples, standard deviation of about 15%) compared to the 19.6 GPa obtained from ultrasound velocity measurements.
[40] Samples treated with swelling inhibitor show no change of static dry modulus with respect to the untreated. For the saturated samples, the treatment seems to raise the static modulus by about 0.17 GPa, (around 20%) which is not negligible, given the very low wet modulus of this stone.
[41] In the direction parallel to the bedding, only the dynamic elastic modulus was measured. The dry and wet moduli are 28.4 and 27.5 GPa, respectively. However, these values should not be used to calculate stresses, because they drastically overestimate the elastic modulus.
[42] Stress relaxation measurements on dry samples (treated or untreated) show a bilinear relaxation rate on a logarithmic scale as represented in Figure 4 .
[43] The stone relaxation involves two consecutive regimes, which can be fitted by using the following function:
where E d (t) is the dry modulus at time t, E d (0) is the extrapolated dry modulus at t = 0, t 1 and t 2 are the characteristic times of the relaxation regimes of the dry stone and a and b are associated fitting constants.
[44] Early stress relaxation is governed by a and the later relaxation by b (Table 1 ). This implies that parameter a is the one that really characterizes the rate of stress relaxation in laboratory experiments (short test duration). The error for a is rather small (standard deviation of 15%, 2 samples treated, 4 samples untreated). Errors for the characteristic times, as well as for b, are larger (standard deviation between 38 and 75% of the average).
[45] In the case of water-saturated samples ( Figure 5 ) subjected to bending, two relaxation processes occur: viscoelastic relaxation of stress in the solid and hydrodynamic relaxation of pressure in the pore fluid. The first process is similar in nature to that suffered by the dry samples, but with different kinetics. The extent of this relaxation continuously increases with time; on the other hand, the extent of the hydrodynamic relaxation is limited to a maximum value. When the sample is bent, the upper part of the sample is compressed (the water is squeezed out of that part) while the bottom is stretched (water is sucked into that part). This creates a pressure gradient and as a consequence the liquid in the sample redistributes. As this happens, the pressure gradient decreases, which means that the load needed to keep the sample bent decreases to a fixed value (for elastic materials). The rate at which the load decreases can be used to determine the sample permeability [Scherer, 2000 [Scherer, , 2004 Vichit-Vadakan and Scherer, 2000, 2002] .
[46] The stress relaxation measurement for wet samples is well fitted by a product of two functions, one describes the hydrodynamic relaxation and is denoted by R(t), and another that describes the viscoelastic relaxation and is denoted by y(t)
where W(t) and E w (t) are respectively the load and wet elastic modulus at time t, and W(0) and E w (0) are respectively the load and wet elastic modulus at time t = 0. The type of function that is found to best fit the relaxation of wet samples is a stretched exponential
where t VE is the characteristic time for the viscoelastic relaxation of the wet sample and b is a fitting parameter of the viscoelastic relaxation function.
[47] Results of stress relaxation tests performed on saturated and untreated Tarifa samples are shown in Figure 5 . In Figure 5a , the experimental curve is shown to be well fitted with equation (5). In Figure 5b , the theory is used to deconvolve the data to show separately the hydrodynamic, R(t) and viscoelastic relaxation, y(t). A repetition of this test with the same sample gave errors of the fitting parameters between 1 and 7%. Larger values are obtained for sample to sample variation. For this reason the same sample was treated and measured again to see the effect of treatment.
[48] Relaxation rate averages for the saturated sample before and after treatment are given in Table 1 along with the corresponding moduli. In the saturated case, which we discuss later, the treatment with swelling reducing agents leads to a spectacular increase in the rate of relaxation as can be seen in Figure 6 . We expect that this is due to a lubrication of the contacts between clay particles and/or layers by the swelling inhibitors. As discussed later, this should limit the maximum stresses reached during wetting and reduce damage. However, the effect of this treatment on the strength of the wet stone (in particular at slow loading rates) should also be evaluated. As an example of the importance of this issue, Dunning et al. [1980] and Dunning and Huf [1983] report significant time of failure reductions under compressive stress for sandstones impregnated with DTAB, which they attribute to interfacial energy reduction.
Warping
[49] From the warping curves (Figure 7) , we extract values of swelling strain, ratio of wet to dry modulus and sorptivity. The maximum deflection can be used to calculate the free swelling strain from equation (3), which yields values of 2000 to 2500 mm/m. Direct measurements of free swelling strain on two samples used for warping gave similar results, lower than the overall average of 2900 mm/m obtained with smaller samples. For these two samples, the Figure 5 . Stress relaxation of untreated water-saturated Tarifa sandstone that shows (a) the experimental data already fitted with equation (5) [50] With those values of maximum swelling, the first part of the warping curve is then very well fitted with equations (1) and (2) by adjusting sorptivity and modulus ratio. However, this is not the case for the second part, as already found for other stones [Jiménez-Gonzá lez and Scherer, 2006] . That discrepancy is a consequence of the kinetics of swelling and softening of the stone, together with effects of capillary pressure in the pores (P. Duffus et al., Swelling damage mechanism for clay-bearing sandstones, paper to be presented at the 11th International Congress on Deterioration and Conservation of Stone, Torun, Poland, 15-20 September, 2008, hereinafter referred to as Duffus et al., paper to be presented, 2008).
[51] For the three samples measured, the average fitted values of the swelling strain, ratio of wet to dry modulus (E w /E d ), and sorptivity in directions parallel, and perpendicular to the bedding are given in Table 2 .
Swelling Pressure
[52] The result of the direct swelling pressure measurement is shown in Figure 8 . The final pressure is about 0.84 MPa. In that plot, the two vertical dashed lines are estimations of the time to saturation. The first one is the intersection between the horizontal line of the plateau and the dashed line of the maximum slope. The second one is a visual estimate of when the plateau pressure is reached. These estimates of saturation time, t sat can be used to calculate sorptivity from the following equation [Scherer and Jiménez-González, 2005] :
where r i and r o are the inside and outside radius of the sample respectively.
[53] Equation (7) and the saturation times estimated from Figure 8 give sorptivities of 0.0065 and 0.0082 cm/s 1/2 . These values are very similar to the ones obtained from warping measurements, but smaller than the ones obtained ). The possible cause of this difference is discussed in section 4.1.
Discussion
[54] In the first part of this section, we examine the warping and swelling pressure measurements using a mechanical analysis of differential stresses and strains in a swelling sample. This analysis accounts for these measurements very well, so we have confidence in the general validity of this treatment of a swelling stone.
[55] In the second part of this discussion section, we use that same analysis to evaluate under what conditions the Tarifa sandstone can be damaged by wetting and drying cycles. We also discuss the quantitative benefit of swelling inhibitor treatments for reducing damage.
[56] Finally, we discuss the implications of this study for better understanding of physical weathering due to wetting/ drying of sandstones in both urban environments and on the Earth's surface (and beyond).
Warping
[57] As already shown by Jiménez-González and Scherer [2006] , we cannot provide yet a total good fitting for the whole plot, but only for the first part of the curve which corresponds to the time at which the sample reaches the maximum deflection. The further sample relaxation could be probably explained by delayed expansion of the clays, together with the effect of capillary pressure, but we do not have yet a good way of accounting for this.
[58] From the maximum deflection, we calculate the maximum free swelling strain of the stone by using equation (3). That value, as already mentioned, agrees within 3 -20% with the ones obtained by directly measuring that property on the same samples used to perform warping tests. Such a good agreement has not been reached with other stones (e.g., Portland Brownstone), although it is expected that the agreement should improve with thicker and longer samples.
[59] With the free swelling strain estimated from the maximum deflection, we then fit the first part of the warping curve by using equations (1) and (2) and adjusting the values of wet to dry modulus ratio and sorptivity.
[60] We find relatively good agreement between the ratio of wet to dry modulus extracted from warping measurements (0.088) and the one measured directly (0.095). The latter value is an average of beam bending measurements performed on different samples than the ones used for warping.
[61] Last, the sorptivity value that is extracted from warping (about 0.0072 cm/s 1/2 ) is consistent with the range estimated from swelling pressure tests (0.0065 to 0.0082 cm/s 1/2 ). However, these values differ substantially from the separate sorptivity measurements (around 0.013 cm/s 1/2 ). This discrepancy could be due to delayed swelling. Indeed, the analyses of both the swelling pressure and warping experiments assume instantaneous swelling, so that the progress of swelling can be determined directly by sorptivity. If the swelling were delayed, then the sorptivity calculated from these experiments would be lower, which is indeed the case. Sample to sample variation is not thought to explain this sorptivity difference, since independent measurements by Sebastián et al. [2008] were very similar to ours (0.016 -0.018 cm/s 1/2 ).
[62] The largely nonlinear shape of the warping curve versus square root of time and the shift of the maximum deflection to longer times are due to the severe softening of the stone. It shows that the maximum swelling is only reached when a large part of the sample has been saturated. In terms of monument durability, it implies that large pressures only develop during wetting when a very large part of the block gets wet. These aspects are further discussed below.
Swelling Pressure and Stress Relaxation
[63] As mentioned in the previous section, sorptivity values extracted from swelling pressure measurements are consistent with the ones obtained from warping but not with the ones directly measured. Apart from this, the analysis of this experiment suggests that the pressure should increase linearly with the square root of time, which is not the case in Figure 8 . This might be due to the top surface of the sample not being flat. If that is the case and because of the stone softening, the sample surface would first be pushed into (better) contact with the platens before being able to exert pressure.
[64] This possible issue of contact (smaller contact surface than sample surface) could also explain in part why the maximum pressure is only 0.83 MPa, which does not agree with the stress expected from the product of the wet modulus and free swelling strain (2.62 MPa). Even if stress relaxation is taken into account [Scherer and Jiménez-González, 2005] , the calculated pressure is still substantially higher (2.18 MPa).
[65] Sample to sample variation in material properties does not seem a sufficient reason to explain this difference since the 90% confidence interval on this pressure is about 0.7 MPa.
[66] However, we observe that part of the curve is linear with square root of time as expected from the theory. This might correspond to the moment where the platens have a good contact with the sample. Extrapolation of this portion of the curve gives a pressure increase of 1.43 MPa between time zero and saturation. This corresponds to an intercept of -0.6 MPa that is just interpreted as a problem of setting the proper zero in a sample that does not have a perfect contact with the platens. This represents an attempt to obtain a more reliable estimate of the true swelling pressure (if the contact between the sample and the platens were perfect). This is much closer to the pressure calculated using viscoelastic relaxation and almost in range with the 90% confidence interval. However, the discrepancy remains large, which reflects the difficulty in achieving perfect experimental conditions for this type of measurement.
Stress Evaluation
[67] In this section we calculate the stresses that can develop during cycles of wetting and drying on clay-bearing stones. The hypotheses behind the equations presented are similar to those that led to the equation for analyzing the warping and swelling pressure experiments, which have been largely validated in the previous sections.
Compressive and Shear Stresses
[68] The maximum compressive stresses during wetting, s w , in the outer layer of an otherwise dry stone block can be estimated by (see Appendix A)
Assuming a Poisson's ratio for the wet stone, n w of 0.2, and using the previously determined values of free swelling Figure 8 . Swelling pressure evolution versus square root of time for a hollowed Tarifa cylindrical sample with 10.8 and 19.9 mm inner and outer radii, respectively.
strain, e S and elastic modulus of the wet stone, E w , the calculated stress is 3.3 MPa in the direction perpendicular to the bedding.
[69] As explained before, damage during wetting could happen if those stresses overcome the wet compressive strength of the stone. This is not the case since the compressive strength normal to bedding planes was measured to be about 14 MPa in the wet state, (information provided by Dr. G. Cultrone (unpublished data, 2007) ). It is important, however, to emphasize that this compressive strength could be substantially lower if determined with very slow loading rate because of the viscoelastic behavior of the stone. In view of Figure 6 , which shows a strong acceleration of stress relaxation of treated samples, it appears that the role of loading rate on wet compressive strength on such samples is a subject to examine carefully in future studies.
[70] On the other hand, shear forces that develop during wetting could be responsible for cracks opening parallel to the stone surface. This can create a disruption between the dry and wet layers producing the buckling of the wet outer surface [Scherer, 2006] and resulting in scaling, or contour scaling. This is indeed observed in Figure 9 , which is a strong indication that clay swelling is contributing to the degradation of the stone. For this mechanism of damage the quantification is unfortunately not very easy. What can be said is that buckling damage is facilitated by the presence of preexisting flaws (Duffus et al., paper to be presented, 2008) . These can be inherent to the stone (e.g., bedding planes of face-bedded blocks). Indeed Sebastián et al. [2008] report not only that the church of Tarifa shows the detachment of plates several centimeters wide but also that this is particularly pronounced in face-bedded blocks. Alternatively these flaws maybe produced by other degradation mechanisms. Given the climate of Tarifa, freezing is not an issue. Furthermore, Sebastián et al. [2008] concluded that salt crystallization was not relevant, since the façade was only found to contain minor amounts of sodium chloride. However, considering that salt crystallization would only have to initiate damage, the role of this mechanism maybe much more important than one can conclude when considering it as a unique cause of damage.
Tensile Stresses
[71] During drying cycles, maximum tensile stresses, s d , in the outer layer of an otherwise wet stone can be estimated in a similar way as with equation (8) (see Appendix A)
[72] Assuming a Poisson's ratio for the dry stone, n d of 0.2 (as for the wet stone) and using the previously determined swelling strain and dry modulus, we find stresses of about 34 MPa in the direction perpendicular to the bedding. This value exceeds by far the tensile strength of the stone (5.3 MPa) measured in the same direction. The same is true in the direction parallel to the bedding planes. However, in this case, we have to estimate the dry static modulus since no measurements are available. Using the same modulus as perpendicular to the bedding, stresses of 14 MPa are obtained, which exceed the tensile strength in that direction (6.9 MPa). These stresses rise to 26 MPa if we assume that the ratios of static and dynamic modulus are the same in both directions.
[73] These calculations seem to indicate that damage should always happen during drying. However, for tensile stress to develop, the stone must first be sufficiently expanded, which will only occur if a block or ornamental piece is almost completely saturated. For a block of thickness L we can calculate the depth of wetting L w that must be achieved for drying stresses to reach the tensile strength of the stone in a thin external layer by using equation (10) (see Appendix A)
where s d,2 is the tensile stress in the drying outer layer; n d is the Poisson ratio of the dry stone, r = E w /E d ; E d and E w are the dry and wet static modulus, respectively, and e s is the free swelling strain of the stone.
[74] In the case where swelling takes place perpendicular to the bedding and for a 25 cm thick block, we find that the depth of wetting would have to be about 16 cm for drying stresses to reach the stone tensile strength in that direction. This is an improbably large extent of wetting, since Sebastián et al. [2008] estimated that capillary rise of the waterfront is not very high in Tarifa sandstone and that water only penetrates superficially to a depth estimated to be about 2 cm. This mode of failure therefore only seems probable for thin ornamental elements that can get fully saturated. Such situations are illustrated in Figure 9b , where the cracks are of mud-cracking type, as would be expected if drying stresses are indeed causing damage. It is also important to note that Sebastián et al. [2008] described exactly this type of damage on ornamental features of the Tarifa Church façade.
[75] Other factors that can reduce the calculated stresses are slow drying (which permits viscoelastic relaxation) and a humid environment (which inhibits drying). However, the Town of Tarifa is known to be one of the windiest places in Europe, so that slow drying is no issue. In addition, the climate of the city is rather dry for a coastal location (average 75% RH according to Hoyos et al. [1999] ). Overall, the main factor limiting drying stresses really appears to be the depth of wetting.
[76] Our calculations are based on the assumption of the stone having homogeneous properties. In fact, we believe that the scatter of data shown in Figure 3 reflects true heterogeneity of the stone. In consequence, it must be pointed out that very high local stresses could develop from differential strains on a millimeter scale.
Swelling Inhibitors
[77] The major effect of swelling inhibitors is to reduce the swelling strain. Consequently, with a 50% reduction in dilation, we expect a 50% reduction in stresses (tensile, compressive or shear). In the case of swelling pressure, the change in modulus of the wet treated stone, although small, is not negligible. Therefore the reduction of e s in equation (9) is partially offset by the increase in E, so the effective reduction in swelling pressure would be only 33%. On the other hand, the increase in viscoelastic relaxation would partially compensate this: in the swelling pressure measurements, it would contribute to an overall pressure reduction of about 44%. For similar reasons, the same type of changes might be expected for the shear forces.
[78] However, as far as drying stresses are concerned, the stress reduction resulting from surfactant treatment should be about 50% since there is no detectable change in the dry modulus. This is true for blocks that previously get fully saturated. For blocks that are partially saturated, the tensile stresses can decrease by 40% at the most, but the stresses in this case are expected to be small unless the saturation is deep.
[79] Overall, these reductions in stresses, whether compressive, shear or tensile, are important in terms of avoiding or reducing the number of situations that can lead to damage. Such treatments should be considered as an option for monuments under the conditions discussed here. In addition, it is worth noting that if consolidation with ethyl silicates is to be considered, then a preliminary treatment with swelling reducing agents appears to be particularly advised. This should not be carried out without further testing; in particular, the effect that these products have on the stone strength at low loading rates should be investigated. However, applying swelling inhibitors to Portland brownstone before consolidation does indeed increase resistance to cycles of wetting and drying [Scherer and Jiménez-González, 2008] .
[80] The reduction in swelling strain as well as in swelling stresses observed following the treatment with the swelling inhibitor, which adsorbs specifically on the clay minerals , unambiguously demonstrates that the damage is associated with the expansion/ shrinkage of these minerals. This is not a trivial conclusion, since controversy exists in the field of geomorphology as to the ultimate cause of wetting/drying damage in claycontaining sandstone, which has often been attributed to other weathering mechanisms, such as salt hydration/ dehydration [McGreevy and Smith, 1984; Turkington and Paradise, 2005] .
[81] Finally, it should be indicated that porosity and permeability of reservoir sandstones is drastically reduced because of swelling of clays, representing a significant problem in water injection or ''squeeze'' oil recovery [Morris and Shepperd, 1982; Houseknecht and Pittman, 1992; Baker et al., 1993] . Different remediation treatments for this so-called formation damage, including the use of brines and surfactant polymer solutions, have been thoroughly studied and applied [Borchardt, 1989] . Our results suggest that the application of a diaminoalkane swelling inhibitor could be a potential solution for enhancing oil recovery in reservoir sandstones.
Implications for Understanding Sandstone Weathering in Nature
[82] The formation of several weathering forms observed in sandstone natural outcrops as well as in historic structures is poorly understood. This is the case of spalling and/or scaling/contour scaling, as well as polygonal cracking. Our results show that situations where damage can occur during wetting (and clay swelling) can lead to the formation of scales parallel to the exposed surface, as observed in Tarifa Church (Figure 9 ). Such a situation might explain why spalling and scaling/contour scaling are ubiquitous weathering forms in the sandstone monuments [Snethlage and Wendler, 1997] and in sandstone outcrops [Campbell, 1991; Robinson and Williams, 1994; Turkington and Paradise, 2005] . Previous theories suggesting that salt weathering is responsible for sandstone contour scaling [Smith and McGreevy, 1988] , should therefore be reconsidered in lieu of these results. In addition, our results suggest that weathering phenomena associated with wetting events may contribute to tafoni development in salt-free sandstones, as has been suggested elsewhere [e.g., Johnson, 1974; Martini, 1978] .
[83] On the other hand, drying stresses can lead to surface crack development (with cracks planes normal to the exposed surface), as observed in Tarifa Church (Figure 9b ) and in nature [Williams and Robinson, 1989] . The latter striking weathering form, also-called ''polygonal cracks'' has also been observed in reworked evaporitic sandstones on Mars [McLennan et al., 2005] . Figure 10 shows examples of such polygonal cracks developed on Martian rocks within Endurance Crater. The surface features are highly similar to those observed at Tarifa Church (Figure 9b ). Those features point to stress development upon drying as a possible mechanism responsible for their formation.
Potential minerals that could have been involved in the development of drying stresses could be magnesium sulfates [Squyres et al., 2006] or clays, such as nontronite, chamosite, and montmorillonite, that several reports suggest are abundant on Martian surface rocks and sediments [Poulet et al., 2005] . Interestingly, our theoretical analysis indicates that cracks would only develop when a significant portion of the rock is wet. This suggests that water could have been abundant on Mars' surface at the time of the formation of such weathering features.
[84] Note that controversy exists as to the origins of polygonal cracking in natural sandstone outcrops [Williams and Robinson, 1989] . It has been suggested that surface crusting due to deposition of secondary minerals and structural discontinuities between the crust and the substrate is the dominant process responsible for such a weathering form [Turkington and Paradise, 2005] . However, neither secondary minerals formation, nor crust development was observed in sandstone block displaying polygonal cracking in Tarifa Church [Sebastián et al., 2008] . In contrast, crack formation upon drying appears to be sufficient to explain the formation of this striking weathering form.
[85] It should be stated that sandstones display a wide variation in mineralogy and texture, expanding from quartz arenites to arkoses, litharenites, and greywackes [Tucker, 1991] . In this respect, the Tarifa sandstone (an arkose) might not be fully representative of sandstones in general. However, nearly all sandstones include clays within the matrix, in proportions ranging from a few percent up to $60 wt %, with an average value of $10 wt % [Tallman, 1949] . The observed swelling/shrinking phenomena and the associated damage in Tarifa sandstone, with only 7 wt % clays, could thus be common for many of the sandstones on Earth's surface. In fact, extensive studies on swelling strains of a large number of sandstone types ($35) from many different locations show that nearly all sandstones experience some degree of hydric expansion, with values in the range 500 -1000 mm/m on average, and maximum values of 5000 -7000 mm/m for the clay-rich greywackes [Felix, 1983; Esbert et al., 1997; Snethlage and Wendler, 1997; Jiménez-González et al., 2002; Heinrichs, 2005] .
[86] The extent of sandstone damage experienced upon wetting/drying cycles would depend, among other parameters, on exposure, textural anisotropy, clay content and type (i.e., presence of expandable clays as opposed to nonexpandable clays), and the interplay of other weathering phenomena. However, it is expected that the damage mechanism due to cyclic wetting and drying will in general terms follow the model presented here. In addition, this model may help explain many field observations regarding sandstone weathering: for instance, why weathering rates of sandstone landscapes typically show a positive correlation with the number of wetting/drying events [Pentecost, 1991] , and why damage resulting in continuous scaling typically concentrates at the limit of rising damp [Snethlage and Wendler, 1997] , where wetting/drying events are more frequent. The latter may explain the formation of large-scale sandstone weathering forms such as pedestal rocks, which have often been attributed to salt weathering [Selby, 1993] .
Conclusions
[87] In this work, we have determined many material properties of Tarifa sandstone with the objective of supporting the analysis and validation of novel techniques used to characterize the swelling behavior of such a stone. These consist of the warping or ''3 in 1'' test on thin stone plates and an accelerated version of a swelling pressure measurement. Results show that the theory used to analyze these tests is valid, so that we may also apply it to calculate stresses than can develop in the field. Results of these calculations suggest that damage can take place in the two following ways:
[88] 1. Buckling and scaling/contour scaling development during wetting due to shear forces. This is enhanced by preexisting flaws that can be inherent to the stone (e.g., bedding planes) or result from other damage mechanisms, such as salt crystallization. It causes the detachment of rather large stone layers and is indeed something very evident on the façade that is the object of this study. Similar weathering forms are commonly observed in sandstone landscapes.
[89] 2. Tensile failure during drying. This type of damage only seems probable for thin ornamental elements that can get fully saturated or in sandstone outcrops where periods of wetting (rain showers, or capillary moisture uptake from the ground) are followed by intense drying. In those cases, the damage follows a mud-cracking pattern. This is also something that is observed on the ornaments of the San Mateo main Façade and on sandstone rocks, both on Earth and on Mars. [90] Our stress analysis does not account for other types of damage reported by Sebastián et al. [2008] , such as granular disintegration. In that case, those authors propose that the partially carbonatic nature of the cement in this sandstone could suffer chemical degradation caused by acid depositions from local traffic. The fact that wetting and drying would not account for that damage is supported by the fact that the same authors report it to occur in sheltered zones.
[91] Overall, our study clearly confirms that clay swelling and shrinkage is an important issue in the degradation of this monument and that swelling inhibitors have the potential of substantially reducing this type of damage. Similar weathering phenomena can also occur in natural sandstone outcrops, contributing to landscape modeling and evolution.
[92] Finally, it should be emphasized that the testing methodology and data analysis here presented and discussed might be a valuable tool for studying the response of different sandstone types to wetting/drying damage.
Appendix A: Drying Stress in Swelling Stone [93] In this appendix we analyze the stresses generated during the drying of a partially wet stone block. We calculate what should be the depth of wetting in a stone block for these drying stresses to reach the tensile strength of the material. Consider a stone with thickness L that is wetted by water to a depth of L w + L d , after which the surface dries to a depth of L d , as indicated in Figure A1 . We calculate the stress in each zone. The x-y plane (which is the surface through which moisture passes) runs into the page, and the z axis is perpendicular to that surface. Since that surface is free, s z = 0; by symmetry, s x = s y and e x = e y . If the free swelling strain is e s , then the constitutive equation of the stone is
[94] In the dry zone, e f = 0, n f = n d and E f = E d ; in the wet zone, e f = e s , n f = n w and E f = E w ,. If the plate is wide compared to its thickness, L, then the strain e x will be the same in each region. We assume that the plate is prevented from warping (which is strictly true only if the wet region is exactly in the middle, so that the stresses are symmetrical), and that the edges are free. If there is no net force on the edges, then
the stress is
so if the Poisson ratio is assumed to be the same in both regions, equation (12) leads to
where r = E w /E d . The stress in the drying region is
which is equation (10) in section 4.3.2.
[95] When L w = 0, there is no swelling, so s d,2 = 0; as L w approaches L, the dry region is very thin so the contraction is completely suppressed and the stress in the dry region achieves its maximum value
which is equation (9) in section 4.3.2.
Notation a, b fitting constants for the dry viscoelastic modulus (GPa). A sample base in a sorptivity experiment (cm 2 ) d relative depth of water penetration in a warping sample (dimensionless) E f elastic modulus, E d in the dry zone and E w in the wet zone (see Appendix A) (GPa) E d (t), E w (t) viscoelastic modulus respectively of the dry and wet stone at time t (GPa) E d , E w elastic modulus respectively of the dry and wet stone, corresponding also to E d (t) and E w (t) at t = 0 (GPa) h plate thickness in a warping experiment (cm) h w wet part of the sample thickness in a warping experiment (cm) L stone thickness of a partially saturated stone (cm) L d , L w depth of dry and wet part of a partially saturated stone of thickness L (cm) r ratio of wet to dry modulus (E w /E d ) (dimensionless) Figure A1 . Illustration of the wet and dry parts of the stone block considered to analyze drying stresses in a partially wet block.
r i , r o inner and outer radius respectively of a swelling pressure measurement sample (cm) R(t) hydrodynamic relaxation function of a wet stone in a bending experiment (dimensionless) S sorptivity (cm/s 1/2 ) t time (s) t sat saturation time in swelling pressure test (s) w span in a warping test (cm) W(t), W(0) load in a beam bending experiment at time t and t = 0 respectively (g) b fitting parameter of the viscoelastic relaxation function (dimensionless) D warping deflection (cm or mm) D max maximum warping deflection (cm or mm)
Dh average height of water rise in a sorptivity experiment (cm) Dm mass change in a sorptivity experiment (g) e f swelling strain in a zone of a partially saturated stone; equals to zero in the dry zone and to e S in the wet zone (dimensionless) e S free swelling strain (dimensionless or mm/m) e x strain in an (x-y) plane parallel to the drying surface (dimensionless) f porosity n d , n w Poisson's ratio of the dry and wet stone respectively (dimensionless) n f Poisson's ratio in a zone of a partially saturated stone; equals to n d , in the dry zone and to n w in the wet one (dimensionless) r L liquid density (g/cm 3 ) s d maximum tensile stresses expected during drying (MPa) s w maximum compressive stresses during wetting (MPa) s d,2 tensile stress in the drying part of a partially saturated stone (MPa) s x , s y , s z stresses in the plane parallel to the drying surface (x-y) and in the direction perpendicular to it (z) (MPa) t 1 , t 2 characteristic times of the first and second relaxation regimes of the dry stone (s) t VE characteristic time for viscoelastic relaxation of the wet stone (s) y(t) viscoelastic relaxation function of the wet stone (dimensionless)
